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diabetic nephropathy needs to be based 
on individualized renoprotective strate-
gies and not only on diagnosis. Th ere is 
a specifi c need to further investigate the 
interaction between the ACE I/D poly-
morphism and ARBs, especially in type 2 
diabetic patients with nephropathy. Hope-
fully, more focus on individual treatment 
strategies will diminish the number of 
poor treatment responders and result in 
further improvement in renal prognosis 
as well as survival in the growing popu-
lation of patients suff ering from diabetic 
nephropathy worldwide.
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Cellular contributions to 
glomerular size-selectivity
WM Deen1
The glomerular capillary wall permits free passage of  low-molecular-
weight solutes, while severely restricting large proteins. Although 
both cell layers (endothelium and epithelium) almost certainly 
contribute to this size-selectivity, their relative importance has been 
difficult to assess. The finding by Rippe et al. of an inverse relationship 
between the sieving coefficient of Ficoll and glomerular filtration rate 
sheds light on this.
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In this issue, Rippe et al.1 show that 
if glomerular filtration rate (GFR) 
in healthy rats is increased from low 
(hydropenic) to normal levels, then the 
sieving coeffi  cient of Ficoll is decreased. 
Th e sieving coeffi  cient (θ, the Bowman’s 
space-to-plasma concentration ratio) is 
the principal measure of how eff ective the 
glomerular barrier is at retaining a given 
macromolecule within the circulation. 
Ficoll is a polysaccharide that approxi-
mates an ideal, neutral sphere and is 
therefore the preferred marker of barrier 
size-selectivity. Numerous studies over 
the years with experimental animals or 
humans have shown that θ decreases with 
increasing molecular size, but informa-
tion on the dependence of θ on GFR has 
been limited. Th e present fi nding that θ 
decreases with increasing GFR for a wide 
range of Ficoll sizes in vivo is consistent 
with recent results for globular proteins2 
and with earlier data for dextran.3
As noted by Rippe et al.,1 the inverse 
dependence of θ on fi ltration velocity is a 
hallmark of a membrane operating under 
conditions in which diff usion infl uences 
sieving. At fi ltration rates low enough 
to allow diff usion to compete with bulk 
fl ow (convection) of the solute, θ is larger 
than it would be if diff usion were absent. 
If fi ltration rates are very low, then even 
a molecule that has difficulty getting 
through the barrier will have time to 
equilibrate between fi ltrate and reten-
tate, and θ → 1. Th e intrinsic selectivity 
of the barrier is then masked. At the other 
extreme, if water fi ltration is so rapid as to 
make diff usion negligible, then θ will fall 
to a minimum value that is determined by 
the membrane structure and by the char-
acteristics (for example, size and shape) 
of the test molecule. Th at minimum value 
is sometimes written as 1 – σ, where σ is 
the refl ection coeffi  cient, and is denoted 
also as W, the convective hindrance fac-
tor.4 Using the latter notation, the sieving 
behavior of a homogeneous membrane is 
summarized by saying that W ≤ θ ≤ 1, 
the lower values of θ corresponding to 
the highest water filtration rates. This 
assumes that concentration polarization 
at the upstream side of the membrane is 
negligible, as appears to be true for the 
glomerulus.5




in which Pe is the Peclet number, a 
measure of the importance of convec-
tion relative to diff usion.4 Th e diff usion 
θ =                                         
W
(1 – e–Pe) + We–Pe
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limit (θ → 1) corresponds to Pe → 0; 
the convection limit (θ → W) occurs for 
large Pe. For a given solute–membrane 
combination, Pe is proportional to the 
fi ltration velocity (that is, GFR). For dif-
ferent solutes and/or membranes, Pe is 
proportional to the membrane thickness 
and varies inversely with the aqueous 
diff usivity of the solute. Th us, Pe tends 
to be larger for thicker membranes and/
or larger solute molecules (which diff use 
more slowly). Equation (1) is well known 
in the ultrafi ltration and reverse osmo-
sis literature, an equivalent expression 
having been reported by Spiegler and 
Kedem6 some 40 years ago.
Th us, the dependence of θ on GFR that 
Rippe et al.1 and others have found sug-
gests that the intrinsic size-selectivity of 
the glomerulus is partially masked at nor-
mal rates of fi ltration. Can we infer more 
about the glomerular barrier? In particu-
lar, recognizing that the capillary wall is 
not a homogeneous membrane but con-
sists rather of three layers (endothelium, 
glomerular basement membrane (GBM), 
and epithelium), does the dependence 
of θ on GFR tell us something about the 
contributions of the individual layers to 
the overall size-selectivity?
Insight into the interactions among the 
layers of the glomerular capillary wall is 
gained by consideration of a composite 
barrier consisting of n ‘simple’ mem-
branes in series. For layer i of the com-
posite, where i = 1 is farthest upstream 
and i = n farthest downstream, the deri-
vation that leads to equation (1) can be 
generalized to obtain
(2)
where Wi is the hindrance factor and 
Pei the Peclet number for that layer. By 
defi nition, θn+1 = 1, so that equation 
(2) reduces to equation (1) if i = n. Th e 
new feature is that, for i < n, the sieving 
coeffi  cient for layer i depends not just 
on Wi and Pei, but on the product of the 
sieving coeffi  cients of all downstream 
layers (fi rst term in the denominator). 
Th us, the layers are interdependent, the 
downstream parts aff ecting the sieving 
performance of the upstream parts. Th e 
description of such a composite barrier 
is completed by noting that the over-
all sieving coeffi  cient is the product of 
those of the individual layers, or θ = 
θ1θ2…θn. Th e application of this last 
relation to the glomerulus has been 
discussed previously.7 Included in that 
review are structural details of the cel-
lular layers and GBM that are omitted 
here for simplicity.
Based on diff usion and sieving data 
for Ficoll in isolated rat GBM, and 
using equation (2) to relate the siev-
ing coefficient in the GBM to that of 
the epithelial fi ltration slits, it has been 
concluded that, for an uncharged mac-
romolecule the size of serum albumin, 
θGBM ≈ 1.7 Essentially, the Ficoll trans-
port properties measured in vitro, the 
GBM thickness, and the fi ltrate velocity 
corresponding to a normal single-neph-
ron GFR (SNGFR) combine to suggest a 
value of PeGBM that is too small for that 
layer to exhibit signifi cant selectivity. 
Accordingly, although the GBM pro-
vides the dominant resistance to water 
fl ow (and thereby limits the GFR), the 
efficient retention in the circulation 
of molecules such as albumin is due 
mainly to a combination of endothelial 
and epithelial selectivity.7 Th e relative 
contributions of the two cell layers to 
barrier function have been diffi  cult to 
discern, as it has not been possible to 
study either in isolation.
Returning now to the dependence 
of θ on GFR, and approximating the 
glomerular barrier for this purpose as 
a two-layer membrane (1 = endothe-
lium, 2 = epithelium), one can examine 
which combinations of layer charac-
teristics make sense, beginning with 
the respective Peclet numbers for a 
molecule similar in size to albumin. 
Neither Pe1 nor Pe2 can be estimated 
from available data, and either might 
be small, moderate (roughly unity), or 
large at normal levels of GFR, leading 
to nine possible combinations. Most of 
those can be eliminated, however. Evi-
dence that proteinuria may result from 
either endothelial or slit diaphragm 
pathology8 suggests that neither Peclet 
number is very small; if either were, the 
sieving coeffi  cient for that layer already 
would be near unity and would not be 
increased appreciably by dysfunction. 
Moreover, if Pe1 is large, it can be shown 
from equation (2) that θ = θ1θ2 = W1, 
independent of Pe2. Th us θ would be 
independent of GFR, contrary to obser-
vation. Only two possibilities remain: 
(1) Pe1 is moderate and Pe2 is large, and 
(2) Pe1 and Pe2 are both moderate.
For case (1), it follows from equation 
(2) that θ2 = W2 and
 
   (3)
Inspection of equation (3) reveals that θ 
can decrease with increasing Pe1 (increas-










Figure 1 | Theoretical dependence of overall sieving coefficient (θ) on membrane Peclet number 
(Pe) for a composite membrane consisting of two layers in series. All calculations assumed that 
Pe1 = Pe2 = Pe. For a given membrane and solute, Pe is proportional to the filtration rate of water 
(that is, GFR). The three curves correspond to different combinations of the convective hindrance 
factors in the two layers: W1 = W2 = 0.1 for identical layers; W1 = 0.02 and W2 = 0.5 for selective layer 
1; and W1 = 0.5 and W2 = 0.02 for selective layer 2.
θi =                                         
Wi
θi +1θi +2…θn  (1 – e–Pe) + Wie–Pe i
W1W2
W2  +  (W1 – W2)e
–Pei
θ =                                         
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< W2. Th us, case (1) is viable, provided 
that the endothelium is intrinsically more 
selective than the epithelium (that is, has 
a higher σ or lower W).
For case (2), the very complicated 
expression that results makes it diffi  cult 
to draw general conclusions. Some pos-
sibilities are illustrated in Figure 1, in 
which θ is shown as a function of Pe for 
Pe = Pe1 = Pe2. Th ree combinations of 
W1 and W2 are considered, with W1W2 = 
0.01 in each. If the two layers are the same 
(W1 = W2), then θ decreases monotoni-
cally with increasing Pe (or GFR), as for 
a simple membrane of double thick-
ness and as in Figure 5 of Rippe et al.1 
Likewise, θ decreases monotonically if 
the upstream layer is much more selec-
tive (W1 << W2). In either situation, the 
minimum for θ equals W1; that is, the 
composite is no more selective than the 
upstream layer. For a much more selec-
tive downstream layer (W1 >> W2), the 
behavior is more complicated, with θ fi rst 
decreasing and then increasing. However, 
in that case θ1 > 0.99 for all Pe, which is 
seemingly at odds with the evidence that 
endothelial injury can lead to proteinuria. 
Th us, case (2) is viable also, but appar-
ently only if W1 does not greatly exceed 
W2. Incidentally, the diff erence between 
the last two curves, which is magnifi ed as 
Pe increases, shows an advantage in plac-
ing the most selective layer upstream.
In summary, the finding that θ for 
various macromolecules decreases with 
increasing GFR offers clues about the 
dynamics of sieving in the multilayer 
glomerular capillary wall. It is generally 
consistent with the idea that both cell lay-
ers contribute to the observed size-selec-
tivity of the barrier.
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β2-microglobulin, a uremic toxin 
with a double meaning
B Canaud1,2, M Morena2, JP Cristol3 and D Krieter4
β2M is a strong and independent indicator of hemodialysis patient 
outcomes and an excellent surrogate for middle molecules, and 
deserves to be routinely monitored and incorporated into dialysis 
adequacy targets. β2M has a double meaning, reflecting both dialysis 
efficacy in terms of solute mass transfer and patient bioactivity. The 
work of Ward et al. in this issue warrants a study to test the hypothesis 
that long daily hemodiafiltration treatment would be the optimal renal 
replacement modality to improve dialysis patient outcomes.
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In this issue, Ward and coworkers1 
report an interesting study exploring the 
barriers to the reduction of circulating 
β2-microglobulin (β2M) levels in long-
term hemodialysis patients. By apply-
ing β2M kinetic modeling analysis to a 
group of dialysis patients, the authors 
determined that the limitation in β2M 
mass removal during post-dilution 
hemodiafi ltration (HDF) was mainly 
due to the patient body mass transfer 
resistance rather than the hemodiafi l-
ter clearance per se. Th is fi nding is not 
really new but is still crucial, as it illus-
trates the fact that the body clearance 
is not equivalent to the dialyzer clear-
ance. Th e diff erence between body and 
dialyzer mass transfer rates refl ects pre-
cisely the β2M mass transfer resistance 
resulting from the complex interaction 
of the patient–hemodialysis system. Th e 
limitation of the β2M mass removal dur-
ing an HDF session is due to the high 
intracorporeal mass transfer resistance 
that limits the access to β2M stores in the 
remote poorly perfused compartment. 
Th e β2M concentration gradient built 
during the dialysis session within these 
two compartments (superficial well-
perfused and remote poorly perfused) 
is referred to as the compartmentaliza-
tion eff ect. Th is apparent sequestration 
of β2M within the patient’s body occurs 
during high-effi  ciency HDF and resolves 
in post-dialysis by the rebound phe-
nomenon. Th e amplitude of the post-
dialysis rebound refl ects the intensity of 
the body concentration disequilibrium 
generated during the dialysis session.
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